The concentrations of metal contaminants often fluctuate in estuarine waters; yet we have limited knowledge about the effects of intermittent exposures on estuarine organisms. Using 10-d lethality bioassays with the epibenthic amphipod Melita plumulosa, different combinations of intermittent (pulsed) dissolved Cu exposure were investigated, varying Cu concentration, pulse duration, and time between pulses. Negligible organism mortality was observed immediately after single 12-to 62-h duration pulsed exposures of 100 to 900 mg/L dissolved Cu. However, delayed mortality was observed in the subsequent 96-h nonexposure period, after which negligible additional mortality occurred during the remainder of the 240-h tests. For multiple pulsed exposures, increasing the time between pulses from 0 to 144 h did not result in significantly different mortality rates for 300 and 400 mg/L dissolved copper, indicating that the organisms did not recover between pulses. Organism mortality exhibited a strong relationship with the time-averaged concentration (TAC) resulting from the combination of exposure concentration and duration. The lethal concentration to 50 (LC50), 20 (LC20), and 10% (LC10) (95% confidence interval) of the test population for the combined TAC exposure-survival data were 86 (71-103), 44 (30-64), and 30 (18-49) mg Cu/L, respectively, which were similar to the respective values of 100 (87-114), 55 (43-70), and 39 (28-54) mg Cu/L determined for continuous exposure. The results from the current study support the use of analytical techniques capable of determining the time-averaged concentration of metals, because they will more accurately predict the effects of toxiciants on organisms than single time-point measurements. 
is limited knowledge on the effects of intermittent exposures on estuarine organisms. 23
Using 10-d lethality bioassays with the epibenthic amphipod, Melita plumulosa, 24 different combinations of intermittent (pulsed) dissolved copper exposure were 25 investigated: varying copper concentration; pulse duration; and time between pulses. 26
Negligible organism mortality was observed immediately after single 12-to 62-h 27 duration pulsed exposures of 100-900 µg L -1 dissolved copper. However, delayed 28 mortality was observed in the subsequent 96-h non-exposure period, after which, 29 negligible additional mortality occurred during the remainder of the 240-h tests. Traditional toxicity tests examine the effects of contaminant concentration on biologicalsystems using a range of continuous contaminant exposures over a given time [1, 2] . 48 However, in-situ contaminant concentrations are affected by a multitude of events such 49 as stormwater run-off, industrial discharges, and variable water flows [3] . These events 50 frequently cause temporal fluctuations of contaminant concentrations and lead to 51 intermittent/pulsed exposure of organisms inhabiting such systems. 52
Bioassays that consider fluctuations in contaminant exposures will better represent the 53 biological effects that may occur in the environment. However, information on the 54 effects of intermittent contaminant exposure is sparse and mostly limited to a few 55 freshwater organisms, such as the water flea, Daphnia magna, and the fathead minnow, 56
Pimephales promelas [4, 5, 6, 7] . For example, laboratory bioassays showed that the 57 interval between pulsed copper exposures of the same overall duration resulted in 58 significantly different toxicity to Pimephales promelas [4] . 59
Field-based in-situ exposures are more environmentally realistic than static laboratory 60 bioassays, but are often difficult to undertake [3, 8, 9] . Therefore, most previous studies 61 have employed carefully designed laboratory-based studies to investigate various 62 aspects of pulsed contaminant exposure including: 63 (i) the potential for organism recovery or acclimation between exposures [5, 10]; 64 7 Deionised water (Milli-Q) or filtered seawater was used to prepare all solutions. All 120 plastic-or glass-ware used in laboratory experiments to measure trace metal 121 concentrations (e.g. sampling containers and equipment, and organism culturing 122 containers) were acid-washed before use. Measurements of pH were made according to 123 manufacturer's instructions using a Wissenschaftlich-Technische Werkstattan (WTW, 124
Weilheim, Germany) meter equipped with a pH probe (Orion sure-flow combination pH 125 9165BN Previous studies investigating the effects of contaminant pulses on macro-organisms 151 have often simulated contaminant pulses by spiking the solution with the desired 152 contaminant and transferring the organism (with tweezers or by pipette) into clean water 153 to terminate the pulse [6, 20, 21] . In our studies, these methods resulted in unacceptably 154 high mortalities in juvenile amphipod controls (no copper). An alternative technique 155 was adopted, in which approximiately 95% of copper-spiked water was carefully 156 replaced with clean seawater at pulse termination. To terminate copper pulses or make 157 water changes two acid-washed 100 mL syringes were used: one to remove copper-158 spiked water, and another to slowly add clean seawater to minimise organism stress. 159
Metal analyses showed that ≤ 5% of the copper concentration remained after each clean 160 water change. A small number of organisms accidently removed with the syringe were 161 immediately replaced into bioassays. This approach resulted in acceptable survival of 162 juvenile controls in preliminary tests with ≥16 of the initial 20 inidviduals (≥80%) 163 surviving to the end of the 10-d tests. Continuous exposure bioassays were tested before 164 pulsed exposure bioassays to investigate the sensitivity of M. plumulosa and determine 165 the lethal concentration to 20% of the population (LC20). The concentrations of 166 dissolved copper employed in the pulsed exposure bioassays were selected to ensure 167 that the 95% water replacements would result in residual dissolved copper9 in the bioassays could only be attributed to the pulsed exposure and not the residual 170 copper between pulsed exposures. 171
Copper pulses were generated by spiking seawater from stock solutions (5 and 100 mg 172 L -1 ) prepared from copper sulfate (CuSO 4 .5H 2 O, AR grade, APS Finechem, Sydney, 173 Australia). For the longer exposure durations, water changes were generally performed 174 every 72 h, or at the end of the specified pulse period. 175
Lethality of copper to M. plumulosa was preceded by organism immobility, as exposed 176 organisms exhibited very slow movement in the time between exposure and mortality. 177
Generally, organisms that suffered mortality either decomposed rapidly or were preyed 178 upon by the remaining organisms and were no longer present in solution. The number of 179 live amphipods was counted immediately before each water change. Amphipods were 180 deemed to be alive if they swam when the solutions were agitated, and were counted 181 regardless of any small behavioural impairments to brought on by copper toxicity. 182
Continuous and pulse exposure bioassay procedures 183
A range of exposure scenarios were designed to investigate the toxicity from pulsed 184 copper exposure in acute 10-d bioassays using mortality as the effect endpoint. 
Statistical analyses 209
The dissolved copper concentrations that resulted in 10, 20 and 50% lethality (LC 10 , 210 LC 20 and LC 50 ) were calculated using a Microsoft Excel® based program [23] . 211
Differences in the mean percentages of survival from different pulse and continuous 212 exposure treatments were examined using a one-way analysis of variance (ANOVA) 213 (NCSS, Kaysville, UT). Kurtosis, Omnibus, and Levene tests were used to test for 214 normality and homogeneity of variances. In cases where these assumptions were 215
During the 10-d water-only tests, the pH ranged from 7.9 to 8.2, the salinity was in 220 the range of 29-31 PSU, and the dissolved oxygen was >94% saturation for all tests. Multiple-pulsed exposures generally resulted in greater lethality than single-pulsed 262
exposures, e.g. survival was 72 ± 18, 40 ± 10, 26 ± 5, and 21 ± 10% for single, double, 263 and triple 32-h pulsed and continuous exposures of 400 µg Cu L -1 , respectively (Table  264 1, Figure 3A) . A similar relationship was observed for single, double, and triple 48-h 265 pulsed and continuous exposures of 300 µg Cu L -1 , although the single-pulse treatment 266 had high variability and was not significantly different (Table 1, Figure 3B ). Likewise, 13 as the pulse duration increased, so did the likelihood of toxicity, with a similar TAC 268 threshold for copper exposure where toxicity occured once it was exceeded (Figure 4) . 269
The influence of intervals between multiple pulses of equivalent TAC 270
Changing the interval (0-144 h) between the pulses for multiple-pulse exposures with 271 varying time profiles (Table 1, Figure 5A respectively. For these four tests the TACs were 55 ± 5, 54 ± 7, 57 ± 3, 57 ± 5 µg Cu L -275 1 , and the final survival was 59 ± 9, 59 ± 10, 71 ± 10, and 71 ± 10%, respectively. M. 276 plumulosa survival was also not significantly different for a single 400 µg Cu L -1 32-h 277 pulse and two 16-h pulses separated by 30, 56 and 120-h intervals, respectively (56 ± 278 10, 54 ± 10, 41 ± 10, and 41 ± 8% survival), which had TACs of 73 ± 6, 73 ± 5, 78 ± 8, 279
81 ± 11 µg Cu L -1 , respectively. Survival in controls experiencing the same frequency 280 of water changes but with no added copper was >85% for all of these tests. 281
The effect of concentration and duration on effects of exposures with equivalent TAC 282
Varying the copper pulse concentration and duration (Table 1, Figure 5B ) in different 283 copper exposures with equivalent TAC did not result in significantly different survival 284 between exposure treatments. For example, the survival was 43 ± 10, 28 ± 10, 41 ± 13, 285 and 39 ± 10% for triple 6-, 24-, and 48-h pulsed and continuous exposures, respectively, 286 which had TACs of 113 ± 14, 123 ± 9, 126 ± 8, and 122 ± 10 µg Cu L -1 , respectively. 287 The current study has shown that mortality of M. plumulosa exposed to dissolved 320 copper was related to the TAC and not the type of exposure (pulsed or continuous). The opposite response was reported when the midge C. riparius was exposed to 331 cadmium, and the water flea D. magna exposed to copper, with greater toxicity 332 observed for equivalent TAC exposures of high concentration and short duration than 333 for low concentration long duration [20, 30] . These results indicated the pulse 334 concentration had a greater influence on toxicity than pulse duration. This may occur 335 because pulses with higher concentrations facilitate metal transport to the target sites 336 within organisms, as reported for the green mussel Perna viridis exposed to cadmium, 337
Latent toxicity 340
The latent (delayed) mortality following single copper pulsed exposure (in the 24-96 h 341 period) generally occurred during the 96-h post-exposure period (96-192 h bioassay 342 duration) (Figure 2) . Latent mortality during this post-exposure period accounted for an 343 average of 79% of the total mortality that occurred by the end of the 240-h bioassays. 344
The high percentage of mortality that occurred directly after the pulse ended highlights 345 the need to observe bioassay populations after the exposure period to account for the 346 full toxic effect of contaminants. Our results indicated that shorter duration bioassays 347 The degree of latent toxicity that occurs for different toxicants and organisms may be 359 attributed to different mechanisms of action [10] . 360
The delayed mortality may be due to slow copper depuration rates after the pulsed 361 Orchestia gammarellus during dissolved cadmium, silver, and zinc exposure [34, 39] . 378
The net accumulation of metals may lead to the amount of metal increasing above the 379 critical body threshold (CBT) of the organism [22, 40] , which may be the cause of 380 mortality occurring in the post-exposure period in the present study. It is possible that 381 the mortality of M. plumulosa in the current study was the result of immobilisation 382 leading to starvation in combination with direct toxic effects, as proposed for a previous 383 study by Van 
